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Abstract
There is growing eﬀorts for the development of wind energy. Yet, as for other renewable resources, a basic characteristic of wind
energy is to deliver intermittent power. In this paper, we consider this topic by analyzing data provided by the wind industry. We
discuss ﬁrst the spectral properties of the data and the corresponding power curve. We estimate the scaling behavior in the inertial
scale of wind input and the power output. We also study the rotor revolution scaling ﬂuctuations. Finally the wind/power transfer
function is studied, together with the wind/rotation and rotation/power intermediary transfer functions.
c© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the GFZ German Research Centre for Geosciences.
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1. Introduction
The growing global demand of energy provides an impulse to a sustainable energetic model. In this context, the
wind energy is playing a major role; the global wind market grows rapidly and continuously. However, the produced
wind power faces the intermittency issue [1] due to the turbulent nature of the wind. In previous works [2,3], it has
been shown that wind and power time series spectra presented in some cases a scaling behavior with a Hurst exponent
of 1/3 as expected from Kolmogorov’s theory for homogeneous turbulence. Furthermore, a numerical study showed
the intermittent and the multifractal behavior of wind power output from a single turbine [2].
Here we consider 10 minutes average data, which have been provided by InnoVent, a wind energy company situated
in the north of France. The data were collected during the year 2013 following the international standard IEC, 2000b
recommendations [4], and hence the times series were acquired with a 10 min data average. This kind of data is
recorded by the majority of wind energy industries. The structure of the paper is the following: section 2 presents the
∗ Corresponding author. Tel.: +33-321-992-961 ; fax: +33-321-992-901.
E-mail address: olmo.duran-medina@ed.univ-lille1.fr
Available online at www.sciencedirect.com
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the GFZ German Research Centre for Geosciences
194   Olmo Durán Medina et al. /  Energy Procedia  76 ( 2015 )  193 – 199 
dataset, section 3 exposes the spectral and multiscaling analysis, and ﬁnally the transfer function is studied in section
4.
Nomenclature
D Rotor diameter
ρ Air density [kg/m3]
A Swept area [m2]
E( f ) Power spectrum
β Spectral exponent
V(t) Wind speed
U Mean wind speed
ΔVτ Wind speed ﬂuctuations
τ Time increment
ζ(q) Scale invariant moment function
μ Intermittency parameter
Cp Performance coeﬃcient
P(t) Power output function
R(t) Rotor revolution
α Exponent of transfer function
2. Dataset
In this section, we present the dataset provided by InnoVent Company. For more than a decade, InnoVent has
worked to address the issues relating to development, construction and operation of wind and solar power stations
with the help of in-house resources and specialist partners. The time series were recorded in 2013 from a wind turbine
situated in the north of France.
The dataset come from a 900 kW Enercon Wind Turbine E-44. The wind speed is recorded from the top of the hub.
Table 1 exposes its technical speciﬁcations. The manufacturer of the wind turbine delivers as well the power curve
P(U) and the coeﬃcient power Cp of the turbine E-44 as illustrated in ﬁgure 1. For this turbine, multiple simultaneous
times series are recorded.
In this study, we focus on wind speed V(t), rotational speed R(t) and power output measurements P(t): the dataset
represents 10 minutes averages of wind speed, power output and rotor revolution measurements during the whole year
2013. The average measurements do not allow to study instant wind speed changes like gusts and the turbulence eﬀect
that it produces in the wind turbine system. However we are able to characterize statistical properties for time scales
T ≥ 10 min. Figure 2 presents an example of one month simultaneous measurements for those three time series. We
observe high ﬂuctuations of the wind speed, also visible in the rotation and power output time series.
3. Multiscaling properties of the ﬂuctuations
3.1. Scaling Fourier power spectra of wind, rotation and power series
Wind power needs relatively large wind speed to be eﬃcient. With wind speeds of the order of 10m/s and height
of the order of 50m, the Reynolds number is of the order Re ∼ 108 [4]. In such case the ﬂow is in a state of fully
developed turbulence, possessing large ﬂuctuations, called “intermittency” in the wind energy community. Since the
work of Kolmogorov in the 1940s, fully developed turbulence is classically associated with scaling statistics [5,6].
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Fig. 1. Power curve P(U) and Power Coeﬃcient Cp vesus wind speed.
Table 1. Technical speciﬁcations.
E-44
Related power 900 kW
Rotor diameter (D) 44 m
Hub height 45 m
No. of blades 3
Swept area 1521 m2
Rotational speed (R) Variable, 12-34 rpm
Cut-out wind speed 28-34 m/s
Wind class (IEC) IEC/NVN IA
Generator ENERCON direct-drive annular generator
We ﬁrst consider here the Fourier power spectrum E( f ), where f is the frequency. In the framework of locally
homogeneous turbulence, a scaling spectrum of the form:
E( f ) = f −β (1)
with β  5/3 is expected, in the inertial range, between the large scale (injection scale) and the Kolmogorov scale,
where wind ﬂuctuations are dissipated into heat. Such scaling may also be found in the power output ﬂuctuations
[1,3,7]. Here we also check this relation for the rotation time series, for the ﬁrst time to our knowledge.
We thus consider here the Fourier power spectrum of both time series, by applying a Fast Fourier Transform (FFT)
algorithm. The FFT algorithm needs a regular sampling time. In series such as the one considered here, there can be
missing data due to maintenance of the system, or due to the fact that the system is not operating when the wind is too
low or too strong. We thus here choose a subsample of the time series for which there is no interruptions. We have
found a continuous 6 months subsample, from February 1st to July 30th 2013. Both spectra are shown in Figure 3a,
in log-log plot. A very nice scaling is found for both 3 series, for scales from the smallest scale of 10 minutes, to a
frequency of 6 × 10−6 Hz ∼ 2 days. Figure 3b shows the compensated spectra f 5/3E( f ), which are ﬂat for this range,
indicating that the scaling is nicely respected, with a values of β = 5/3 for both time series considered here.
Such power-law scaling has already been found in some studies for the power ﬂuctuations [1,3,7], however here we
ﬁnd it also for the rotation data. This shows the the non-stationarity linked to turbulence, also called “intermittency”
is found also for the rotation. Below we consider multiscaling statistics.
3.2. Multiscaling properties of wind, rotation and power series
In the homogeneous turbulence community, the word “intermittency” has a diﬀerent meaning than in the wind
energy community: it corresponds to a property of highly structured pikes in the small scale dissipation, leading to
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Fig. 2. A one month dataset chosen as example. From top to bottom: wind speed, rotor revolutions and wind power production.
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Fig. 3. Left: Power spectra of wind speed, rotor revolutions and power output. The slope of the reference dashed line is −5/3; Right: The
compensated spectra f 5/3E( f ), showing the quality of the scaling range.
huge multi-scale ﬂuctuations in the wind velocity time series [5]. Since the 1980s, such ﬂuctuations are recognized to
produce multifractal statistics, classically studied by considering 〈|ΔVτ|q〉, moments of order q ≥ 0 of the wind speed
ﬂuctuations ΔVτ = |V(t + τ) − V(t)| (〈.〉 means statistical average). When the time increment τ belongs to the inertial
range, these moments are scaling of the form [5,8]:
〈|ΔVτ|q〉 ≈ τζ(q) (2)
where ζ(q) is the scale invariant moment function. The knowledge of the full (q, ζ(q)) curve for integer and non integer
moments provides a full characterization of wind speed ﬂuctuations at all scales and all intensities. The parameter
H = ζ(1) is the Hurst exponent characterizing the non-conservation of the mean. Monofractal processes correspond to
a linear function ζ(q) = qH. The function ζ(q) is a signature of the type of scaling behavior of the series considered.
If ζ(q) is nonlinear and concave, the behavior is deﬁned as multiscaling, corresponding to a multifractal process. The
concavity of this function is a characteristic of the intermittency: the more the curve is concave, the more the process
is intermittent [5,9,10]. We have also the following property, linking the spectral exponent and the moment of order
2: ζ(2) = β − 1, recalling that spectral analysis is a second order moment analysis, and that the function ζ(q) provides
much more information.
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Fig. 4. Left: Scaling ΔVτ versus τ for wind data; Right: moment function ζ(q) estimated for both series.
There are several models proposed to ﬁt the nonlinear curve ζ(q) [5,9,11]. Here for simplicity we consider a
classical ﬁt corresponding to a lognormal model, for which this function is quadratic. Knowing the values ζ(0) = 0
and ζ(1) = H, the equation writes:
ζ(q) = qH − μ
2
(
q2 − q
)
(3)
where the parameter μ is chosen here to verify μ = 2H − ζ(2) and is called intermittency parameter: the larger μ, the
more the time series displays intermittent behavior.
The structure function analysis is applied here to both series. Figure 4 presents (on the left) the scaling analysis
ΔVτ versus τ for the wind data, for moments orders q = 1 to 5 in log-log plot. The scaling range is from smaller scales
to 1000min. ∼ 17 hours, which is a scaling range narrower than found from the Fourier analysis [11]. The slope for
each order q is then estimated for all moments between q = 0 and q = 5 with increment 0.2: it corresponds to the
moment functions ζ(q) shown in ﬁgure 4 on the right.
This was done also for the rotation and power data. Figure 4 shows the superposition of each moment function
found for the three series. A linear function of equation qH with H = 0.43 is shown for comparison. The curves
obtained for wind speed, rotor revolutions and the power output are nonlinear and concave, indicating that theirs
ﬂuctuations obey multifractal statistics. The table 2 provides the values of H, ζ(2) and μ for each series. The rotor
revolution series is the more intermittent with a value μ = 0.088. Let us note that the value of H is here larger than
1/3 due to the intermittency property.
Table 2. Values of scaling and multifractal parameters for each series.
Data H = ζ(1) ζ(2) μ = 2ζ(1) − ζ(2)
Wind speed 0.418 0.788 0.048
Rotor revolutions 0.436 0.784 0.088
Power output 0.438 0.791 0.085
4. Transfer functions
We are interested here in transfer functions (estimated at the scale of 10 minutes). The mechanical energy provided
by the wind produces a rotation of the windmill, and this rotation is in turn producing power output. Each transfer,
from wind speed to rotation speed, and from rotation speed, to power output, can be considered. For this, we consider
the conditional mean, but also for each bin in wind speed, several percentiles: percentile 10, 50 and 90.
Theoretically, the mechanical power captured by a wind turbine P(U) is written as a cubic law [12]:
P =
1
2
ρACpU3 (4)
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Fig. 5. Left: Wind vs power transfer function, shown using diﬀerent percentiles, as well as the conditional mean. The manufacturer transfer
function is also shown. Right: log-log plot of power versus wind, showing that the cubic law is not an exact relation.
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Fig. 6. Same as previous ﬁgure, for the wind and revolution transfer function.
where ρ is the air density (kg/m3), A is the turbine blade swept area (m2), U is the mean wind speed (m/s), and Cp is
the performance coeﬃcient of the turbine. This equation is assumed to be valid for a given scale range (in velocity),
from the smallest operating speed to a large speed corresponding to a saturation.
The ﬁgure 5 shows the measured power curve found through statistical analysis superposed with the manufacturer
power curve. The values are diﬀerent, and we see that the percentiles are quite close to the conditional mean. In order
to check the power-mean velocity relationship, assumed to be of the form
P(U) ∼ Uα (5)
with a theoretical value of α = 3, we represented in log-log plot the wind/power transfer function in ﬁgure 5b. We
see that a slope of α = 3.31 ± 0.01 is found (for wind speeds between 5 and 10 m/s), slightly larger than the expected
value. This can be explained by considering that the theoretical value is an estimation assuming that the input wind
velocity is constant, which is not possible since it is turbulent. Such relation was, to our knowledge, never directly
studied by a log-log plot of the transfer function. It is likely that values α > 3 are found in other systems.
Figures 6 and 7 represent this transfer function decomposed between its intermediary steps, rotor revolution versus
wind speed and power versus rotor revolutions. As for the wind-power relation, log-log plots are also shown. We see
that in the range from 4 to 8 m/s of input wind speeds, the wind-rotation exponent is 0.91 ± 0.02, which is close to 1.
Hence this relation can be seen to be almost linear, before the saturation around a maximum rotation rate of 32 rpm.
On the other hand, the rotation-power relationship displays an exponent of 3.32 ± 0.02 for rotation rates from 13 to
26 rpm. The product of both exponents should be close to α, which here is not the case: the reason may be due to the
nonlinear characteristics of the experimental database and the statistical ﬁtting function.
For rotation rates from 26 to 31 rpm, the power produced is slightly larger than the power-law ﬁt.
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Fig. 7. Same as previous ﬁgure, for the revolution and power transfer function.
5. Conclusions
We have considered here three series from a single windmill, operated by a small energy producer in the Northern
France: wind speed, rotor revolution in rpm, and power produced, each at 10 minutes resolution, during the year 2013.
In order to consider continuous measurements, for the dynamical analysis (spectral analysis and structure functions),
only a 6 months duration subsample was considered, from February 1st to June 30th. We have found that both series
have scaling ﬂuctuations with a spectral exponent close to 5/3, the exponent expected for fully developed turbulence,
for scales from 10 minutes to 2 days. We have also estimated multi scaling properties and shown, using structure
function analysis, that the statistics of both series are multifractal. The scaling moment functions ζ(q) estimated for
both series for scales from 10 minutes to 16 hours, are close to each other. A lognormal ﬁt was performed and two
parameters estimated: the Hurst exponent H = ζ(1) and μ = 2H − ζ(2), the intermittency parameter. It was found
that both H values are between 0.42 and 0.44, hence rather close, and μ values from 0.048 to 0.088, with the larger
intermittency found for the rotation data.
We also considered transfer functions, and decomposed the classical wind speed/power production transfer into
wind speed/rotation and rotation/power production. Using log-log plots, it was found that the wind/rotation transfer
is almost linear, whereas the other transfer functions are not purely cubic: in particular a relation P(U) ∼ Uα with
α = 3.31 ± 0.01 was found, which is the ﬁrst time, to our knowledge such non-cubic relation is displayed. For the
rotation R-wind relation, we obtain an exponent 0.91±0.02 and for the rotation R-power relation, we found P(R) ∼ Rα1
with α1 = 3.32 ± 0.02. Such properties may be tested, in future works, with other installed systems in order to see
weather they are general properties.
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